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The purpose of the present study was to assess and compare the chondroregenerative properties of PLA
(processed lipoaspirate) and LAF (lipoaspirate fluid) cells, in a preclinical rabbit model of knee cartilage
defect. The defects were repaired by a collagen I/III scaffold and added LAF-cells, PLA-cells or no cells,
upon the study group. The results showed that collagen scaffolds seeded with LAF-derived stem cells
appear to have slightly better activity and outcomes when compared to PLA-cells, in terms of cartilage
regeneration.
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Articular cartilage restoration by hyaline-like tissue
formation still represents a challenge for surgeons and
researchers [1-3]. Stromal stem cells (i.e. somatic
multipotent precursors residing in perivascular locations
of the connective stroma in adult tissues) are believed to
represent a valid option for cartilage repair, due to their
potential ability to express specific molecular markers,
continuously release of growth factors and to differentiate
into the chondrogenic lineage [1]. In particular, most of
the clinical and experimental studies performed to date
use bone-marrow stromal cells (BMSCs), as the
physiologically reasonable candidates for chondrocyte
regeneration [4-6]. Nonetheless, the scarcity of tissue
source availability in adults, along with the relatively
invasive harvesting and the reduced cellular yield makes
the bone marrow an inefficient stem cell source for articular
cartilage restoration. During recent years, stromal stem
cells residing in the vascular-stromal fraction of the adipose
tissue are being proposed as a valid alternative, due to their
wider availability and comparable plastic properties.
Adipose tissue (AT) is indeed an excellent source for high
yield of mesenchymal stem cells (namely, adipose-derived
stem cells, ASCs), with an average yield of approximately
5,000 fibroblast colony-forming units (CFU-F) per gram of
AT, compared with estimates of approximately 100-1,000
CFU-F per milliliter of bone marrow [6].
Moreover, AT requires minimally-invasive harvesting
procedure. However, most of the procedures based on these
cells are time consuming, technically demanding, require
multiple interventions and ex-vivo manipulation, thus
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implying high costs and risks of sample and surgical site
contamination. The ideal procedure should be a one stage
intervention with minimal tissue manipulation. Lately it
was advocated the possibility of obtaining stem cells
directly from the liquid portion of the lipoaspirate
(lipoaspirate fluid, LAF), by rather simple mechanical
procedures, and these cells may be theoretically useful
and valuable for cell-based therapies as well as those
obtained from laboratory processed lipoaspirate (PLA)
[5,6]. Very few reports on the in vivo regenerative potential
of LAF cells are available in current literature and no
evidence exists on the differences between LAF- and PLA-
derived cells in promoting articular cartilage repair [6-8].
The purpose of the present study was to assess and
compare the chondroregenerative properties of PLA- and
LAF- cells seeded collagen scaffolds, in a preclinical rabbit
model of knee cartilage defect. The hypothesis of the study
was that LAF would promote better hyaline cartilage
restoration with beneficial trophic effects due to the




The present study was designed as a pilot study. All
experiments were conducted in accordance with the
guidelines and approved by the local Ethics Committee
(Iuliu Hatieganu University of Medicine and Pharmacy from
Cluj-Napoca, Romania; authorization number 340/
02.06.2015).
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Study population
Nine male Crl:KBL adult New Zealand white rabbits with
a mean age of 12 months and weight of 3.75 kilograms
(kg) (range 3.3 to 4.1 kg) were used in the present study.
Prior to the onset of the study, all animals were quarantined
and left to acclimatize for 14 days. Before and after surgery,
animals were housed in standard stacked cages as one
individual per cage and had access to filter tap water in
bottles and pelleted food.
Cell harvesting and isolation
Adipose tissue was obtained from Hoffa pad during total
knee replacement in a 55 years old male healthy human
donor (who signed the informed consent stating the
utilization of biological samples for research purposes),
split into two aliquots and alternatively processed using
either enzymatic treatment and centrifugation, or using
the MyStem EVO® kit (Bi-Medica Srl, Treviolo, Italy) to
separate fatty and LAF portions (fig. 1) [6]. Cells were
counted and then they were plated for isolating the
adherent CD105+ cells.
ASCs isolated from adipose tissue through standard
collagenase digestion (PLA cells) [7] and ASCs isolated
from LAF, were cultivated in 25 cm2 Cole flasks in incubator
with 5% CO2, humidity 90% and expanded for 2-3 passages.
The cultivation medium consisted in DMEM with 4.5 g/L
glucose, 1% antibiotics, 2 mM L-glutamine and 10% FBS.
Cell seeding of collagen scaffolds
To perform in-vivo implantation, the cells were detached
from the plastic plates by trypsinisation as follows: culture
medium was discarded and the adherent cell layer was
washed with sterile PBS. Two millilitres of trypsin 0.25%/
EDTA solution were added in the culture flasks and after 2-
3 min, when the cells detached, 5 mL of complete medium
were added. The cell suspension was transferred into a 15
mL centrifuge Falcon tube and centrifuged at 1200 rpm for
5 min.
The cells were re-suspended in 1 mL of complete
medium and counted with a Thoma haemocytometer.
Sterile collagen I/III membranes (Chondro-Gide®;
Geistlich Pharma AG, Wolhusen, Switzerland) of 6 mm
diameter were placed in Petri dishes and 1x105 LAF and
PLA cells were added alternatively to each plate. The cell-
seeded collagen membranes were visualized in phase






Fig. 2. Phase contrast microscopy images of the cells seeded on
the membrane A. Cells at 4th passage, before seeding
B. Collagen membrane seeded with cells, images taken 30 min.





All the surgical procedures were performed under
general anesthesia and by use of sterile conditions. The
rabbits were anesthetized using diazepam with a dosage
of 1 mg/kg, followed by ketamine 35 mg/kg and xylazine 5
mg/kg. A local subcutaneous infiltration with bupivacaine
was also done.
A medial parapatellar incision in the right knee was done
to expose the joint. With the aim of a biopsy punch needle
and a drill bit, a 6-mm wide and 3-mm deep osteochondral
defect was created in the femoral trochlea (fig. 3).
Fig. 4. Filling of the defect (A) and sealing
the scaffold with fibrin glue (B)
Fig. 3. Osteochondral
defect created in the
femoral trochlea
Animals were divided into three groups, consisting of
three animals each, according to treatment: in group A
(control group), the defect was filled with unseeded
collagen scaffold (ChondroGide®); in group B the scaffold
was seeded with LAF cells and in group C with PLA cells
(fig. 4).
In all the cases, the scaffold was fitted into the defect
and glued in place with a fibrin sealant (Tisseel Lyo®;
Baxter, Deerfield, IL, USA). Surgical wound closure was
performed in anatomical layers, with 3-0 poliglycolic acid
sutures and without drainage.
The animals received postoperative medication:
tramadol hydrochloride at a dosage of 2 mg/kg each day
for 7 days, meloxicam 0.5 mg/kg for 3 days and
enrofloxacin 10 mg/kg for 7 days. After surgery, the rabbits
were returned to their cages without any immobilization
A B
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of the operated limb and full weight-bearing was allowed
as tolerated. General health and weight-bearing status was
monitored during recovery.
Outcome measurements
Animals were euthanized three months after surgery,
by anesthetizing them using the protocol described above
and followed by an intravenous injection of potassium
chloride. The distal femur was dissected and removed.
With the use of a micro saw, two samples were taken
from each rabbit. One sample was sunk immediately in
liquid nitrogen for further molecular analysis, and the other
one was fixed in 4% paraformaldehyde for morphological
studies.
The main endpoints of the study were the quantitative
analysis of cartilage proliferation gene expression and of
macroscopic aspect according to the Wayne Cartilage
Repair Score [8] (table 1). Histological qualitative
evaluation and surveillance of complications were also
performed, as this technique is usually used for tissue
evaluation [8-14].
After 24-h incubation with 4% paraformaldehyde
buffered in PBS at 4°C and pH 7.5, the samples were
washed in water for one hour and then decalcified for 15
days dehydrated and embedded in paraffin. Tissue samples
were then cut into 15-ìm thick sections using a microtome
and stained with Alcian Blue for cartilage tissue analysis
[15-18].
In order to evaluate the formation of cartilage
components, quantitative real-time polymerase chain
reaction (qPCR) was used to analyse the expression of
genes involved in cartilage differentiation. To this aim, total
RNA was isolated from the nitrogen frozen samples of the
Table 1
 WAYNE SCORING SYSTEM FOR CARTILAGE REPAIR
MACROSCOPIC EVALUATION [8]
three groups, plated into 6-well plates, using the RNeasy
MiniElute Cleanup Kit (Qiagen, Valencia, CA, USA),
according to the manufacturer’s instructions, as previously
described [19-21]. An additional on-column DNAse
incubation step was performed to allow the selective
removal of genomic DNA during the isolation process.
Thereafter, two-step reverse transcription and qPCR were
carried out as previously described [19, 22, 23]. The
resulting cDNA was used as template for qPCR, to analyse
the expression of genes encoding alpha1 chains of type II
collagen (COL2A1), Aggrecan (ACAN) and transcription
factor SOX-9, all involved in cartilage differentiation. The 2-
ÄÄCt method [23] was applied to calculate fold differences
in gene expression using the housekeeping gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for
data normalization. PCR products were subjected to
melting curve analysis to rule out synthesis of unspecific
products. The oligonucleotide primers were designed using
Primer 3 software (http://bioinfo.ut.ee/primer3-0.4.0/).
Data analysis
Continuous outcomes were analyzed in order to assess
significant differences between groups. For gene
expression analysis a simple t-test was performed. For the
macroscopical scoring a two-way analysis of variance
(ANOVA) with Bonferroni post hoc test to compare
replicate means by rows (the parameters of Wayne score:
coverage, color, margins and surface) and a one-way
ANOVA with Tukey’s multiple comparison test to compare
all columns (the means for each group), with the
significance limit set at 0.05 (GraphPad Prism 7.02
Software).
Results and discussions
We encountered no important postoperative
complications among the studied individuals, except for
two cases with a local swelling which persisted for three
weeks. The rabbits regained full function of their limb at 4
weeks, when they were able to walk without limping.
Gene expression analysis
Quantitative real time PCR – qPCR showed that the
expression of the genes involved in cartilage differentiation
was significantly stronger in LAF Group.
More explicit, in group B the ACAN gene expression was
the highest compared to group A and C (p<0.0005).
Concerning the expression of COL2A1 and SOX-9 genes in
group B, it was highly statistically significant greater in
comparison with group A (p<0.0005), and simply
statistically significant greater when compared to group C
(p<0.05) (fig. 5).
Fig.  5. Comparative expression of genes involved in cartilage
differentiation (* p value < 0.05; ** p value < 0.005; *** p value
<0.0005)
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Macroscopic evaluation
At the moment of sacrifice, we did not find any signs of
local inflammation, infection or other pathological joint
condition. The gross appearance seemed better for Group
B, with a wider coverage of the defect by a more
cartilaginous–like tissue (fig. 6).
The overall macroscopic evaluation of cartilage repair
is presented in table 2 and figure 7. The highest value of the
Wayne Score was obtained in the LAF group, a mean of
11.3 out of 16 points, with the ANOVA test showing a highly
significant difference among groups (p=0.0041).Tukey’s
multiple comparison test showed statistically significant
differences between group A and group B and respectively
group C, with no significant differences between group B
and C (table 3).
The macroscopic evaluation showed highly significant
larger cartilage surface coverage (p<0.001) and
significantly smoother surface (p<0.05) in group B than in
group A, and highly significant better cartilage coverage
(p<0.001) and color (p<0.05) in group C comparatively to
group A (fig. 8).
We performed a qualitative analysis of the repaired tissue
in the two groups with adipose derived stem cells, according
to specific histologic parameters (fig. 10). According to
the evaluation of group B (LAF), we found the following:
-Comparable staining, thickness and alignment of the
neocartilage in both groups, with almost complete bonding
to the native cartilage and tidemark continuity
-More hyaline cartilage, with intact and more regular
surface than in PLA group
-Lesser cellularity and disorganization, with fewer
chondrocyte clusters comparative to PLA group
-Better reconstruction of the subchondral bone, with less
fibrous tissue and almost complete bonding with adjacent
bone.
These images are in agreement with gene expression
analysis and macroscopic evaluation, showing the
Fig. 6. Macroscopic aspects. A. Group A - control.  B. Group B -
LAF.  C. Group C - PLA.
Table 2
 MACROSCOPIC EVALUATION OF
CARTILAGE REPAIR ACCORDING TO
WAYNE SCORE
Fig. 7. Wayne scores in the
three groups
Highly significant larger cartilage surface coverage
(p<0.001) and significantly smoother surface (p<0.05) in
group B than in group A, and highly significant better
cartilage coverage (p<0.001) and color (p<0.05) in group
C comparatively to group A.
Histologic evaluation
As we can see in figure 9.A the cartilage tissue is colored
bright blue in Alcian Blue staining. The difference between
cartilage tissue and bone tissue is remarkable. The
cartilage tissue is rich in chondrocyte cells and matrix.
Figure 9.B and 9.C show the rounded form of chondrocytes,
assembled in groups of two or more, in a granular or almost
homogeneous matrix.
Fig. 8. Comparison of
Wayne score parameters
in the three groups
Fig. 9. Microscopic aspects of the regenerated articular cartilage in
LAF group (images A-C)
Table 3
 RESULTS OF STATISTICAL ANALYSES
BETWEEN THE THREE GROUPS
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remarkable potential of LAF-cells to differentiate into
cartilaginous tissue.
First of all, the results of our study show that, on an
animal model, surgical therapies utilizing collagen
scaffolds impregnated with mesenchymal stem cells can
repair osteochondral defects in the knee joint. But the most
important finding is that, in what concerns the articular
cartilage restoration, minimally processed adipose derived
stem cells from the lipoaspirate fluid portion (LAF-cells)
can be at least as effective as stem cells obtained from
laboratory processed lipoaspirate fraction (PLA-cells).
This finding is supported by the results obtained: the
LAF group presented a significantly stronger expression of
cartilage proliferation genes (qPCR), the best Wayne
macroscopical score (11.3 points) and ver y good
histological evaluation of the regenerated cartilage and
subchondral bone.
Our study was just a pilot research and we are aware of
some limitations. Although rabbit is widely used as small
animal model [23-25], the translation to clinical human
model may not be as accurate. Also, the small number of
animals included didn’t allow us to draw statistically
powerful conclusions. We could not perform a micro-CT
scan on all animals, although this method offers a good
visualization of the regenerated tissue.
Adipose derived stem cells (ASCs) can be isolated in
similar quantity and quality from both fatty and liquid
portions of the lipoaspirate. It was not the purpose of this
article to describe the isolation and culture of these cells,
as it has been previously described [6,9], but to provide a
practical evidence of their potential in-vivo use for
osteochondral regeneration.
Osteochondral regeneration by adipose derived stem
cells implantation, with different types of scaffolds, is
reported in literature based on various in-vivo experiments
but in almost all studies, ASCs are obtained from processing
the stromal-vascular fraction (SVF) of the lipoaspirate
(PLA). Reports about using LAF-cells for in-vivo
experiments are scarce and particularly absent those
regarding cartilage repairs. In this context, our study
represents a novelty, and the results encourage us to
continue the research in this field. The role of cells in
cartilage regeneration is incontestable. As our results show,
the groups with added ASCs present statistically significant
better cartilage formation than the control group, where
the collagen I/III membrane was implanted without adding
cells, although with this method there are very good results
reported in the literature [28-30]. The utilization of a
validated chondrogenic scaffold (Chondro-Gide®; Geistlich
Pharma AG, Wolhusen, Switzerland) [31-33] eliminated
the risk of bias due to surgical procedure and implants.
Remarkable is the highly significant superior
chondrogenic gene expression in the LAF group, which
could mean that their activation, differentiation and
proliferation capacities are much more powerful than those
of PLA-cells [34,35,36]. This is probably due to the facts
that LAF contains a number of trophic molecules and tissue
fractions that cooperate with stem cells in exploiting
regenerative properties and, the isolation process of PLA-
cells by collagenase digestion could decrease their
performances. Even if the overall results of LAF-cells group
seem only slightly better when compared to PLA group,
the most important advantage is represented by their
relative ease of harvesting, with minimal manipulation.
Conclusions
ASCs represent valuable options for osteochondral
repair. LAF-derived stem cells appear to have slightly better
activity and outcomes when compared to PLA-cells, in
terms of cartilage regeneration. LAF-cells can be separated
rapidly with minimal tissue manipulation, making them
more cost-effective and suitable for one-stage surgical
procedures.
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